ABSTRACT: Two major factors contribute to the sustainability of buildings: material efficiency and energy efficiency. Material efficiency relates to the use of environmental-friendly materials and to the minimization of construction waste materials, either during construction and at the end-of-life stage of the building. Energy efficiency is currently understood as the optimization of the energy used during the operation stage of the building. This entails the energy needed for heating, cooling, lighting, etc. Often in order to improve the energy needs of a building, more insulation material is used, thus leading to a trade-off between embodied energy and operational energy. It is the aim of this paper to analyse and discuss the balance between the embodied energy and the operational energy for various levels of insulation, over its life cycle. The operational energy is estimated based on the simplified approach provided by the Portuguese Code of practice. The estimated operational energy is then balanced against the life cycle embodied energy of the system. Finally, the simplified approach for the calculation of the operational energy is confronted to more sophisticated dynamic simulations using the software EnergyPlus.
INTRODUCTION
Buildings are one of the major concerns regarding the sustainability of our habitat. The construction industry consumes materials and energy and is one of the main causes of pollution and resource depletion. According to the EU Communication "Towards a thematic strategy on the urban environment" [1] ,
"(…)Heating and lighting of buildings accounts for the largest single share of energy use (42%, of which 70% is for heating) and produces 35% of all greenhouse gas emissions. Buildings and the built environment use half of the material taken from the Earth's crust and are the source of 450 MT construction and demolition waste per year (over a quarter of all waste produced)(…) In Europe, people spend almost 90% of their time inside buildings. Poor design and construction methods can have a significant effect on the health of the building's occupiers and can produce buildings that are expensive to maintain, heat and cool, disproportionately affecting the elderly and less affluent social groups. Badly designed buildings such as housing estates can facilitate criminal behaviour.(…)"
The construction sector is of vital importance in our society and is a major contributor to socio-economic development in every country.
As the largest and most fragmented industry, the construction sector faces huge challenges in the pursuit of sustainability. Sustainable construction is a way for the industry to move towards achieving sustainable development, taking into account environmental, socio-economic and cultural issues. Sustainable construction ensures more economical use of finite raw materials and reduces and above all prevents the accumulation of pollutants and waste over the complete cycle of the building. Therefore, the use of environmentally friendly materials, cleaner construction methodologies, minimization and optimization of energy use, etc, are a major step towards the well being of the environment and foster sustainable development.
Several researchers have addressed the evaluation of the environmental impact of buildings over the entire life-cycle. Debnath et al. [2] presented a comparison of the embodied energy required for single and double storey residential buildings with load bearing walls, and four storey residential buildings with a reinforced concrete structure in India. They concluded that in India the embodied energy of construction materials in residential buildings is about 3-5 GJ/m 2 .
In Sweden, Adalberth [3] suggested a methodology for a life-cycle energy analyses and applied it to three prefabricated single-unit dwellings [4] . He found that 85 % of total energy usage is required during the management phase leading to conclude that is essential to produce dwellings that requires small amounts of energy during this phase. A Canadian research [5] examined the embodied energy and greenhouse gas emissions associated with the on-site construction of alternative structural building assemblies based in different materials: wood, steel and concrete. Significant differences were found between the energy and greenhouse gas emissions associated with the construction of these structural assemblies, with concrete typically involving higher quantities.
In the UK, Eaton and Amato [6] performed a comparative life-cycle analysis of steel and concrete framed office buildings and concluded that there is no operational energy benefit in the passive thermal performance of modern concrete framed office buildings as compared with modern steel ones. Yohanis and Norton [7] studied the variation of life-cycle operational and embodied energy for a generic single-storey office building in the UK. They used a early design model to determine operational energy, capital cost and embodied energy and verify that capital and embodied energy costs as functions of glazing ratio do not vary significantly. More recently, Hacker et al. [8] investigated the effects of thermal mass and climate change on embodied and operational carbon dioxide emissions from a residential house in south-east England. The results presented there were indicative of the lifecycle CO 2 savings and other performance benefits that can potentially be achieved by using heavyweight structural elements to provide thermal mass in housing. However these results are related to a particular dwelling with specific assumptions for several variables.
A recent study by Utama and Gheewala [9] focused on life-cycle energy of single storey houses, particularly on the effect of enclosure materials associated with air-conditioning, trying to identify the best practice of common construction materials used in Indonesia. They verify that materials having low initial embodied energy do not automatically have low life cycle energy and concluded that the best option for reducing life-cycle energy would be having lightweight enclosure materials (medium density and less thickness) leading to less time lag and also having low U-value.
In Israel, Huberman and Pearlmutter [10] performed a life-cycle energy analysis of building materials in the Negev desert region. They concluded that traditional local building materials (well-insulated stabilized soil blocks) may optimize the building's energy requirements over its entire life cycle, by analyzing both embodied and operational energy consumption comparing several possible alternatives. The cumulative energy saved over a 50-year life cycle by this material substitution was around 20%.
All these studies were carried out for a relatively small number of specific climatic regions. According to the subdivision of climatic regions presented by IPCC [11] for the various continents, only a few are represented in these studies. In addition, for the UK, contradictory conclusions are obtained, namely with respect to the benefits of the use of heavyweight structural elements to provide thermal mass in residential buildings. In the coastal region of Portugal there is a void in respect to life-cycle energy analysis of buildings. This work intends to partially fill this void, analysing a real residential lightweight steel building located in Portugal and making use of typical local climatic conditions to compute the operational energy needed in order to secure the thermal comfort of occupants (heating and cooling). It is well known that in the quantification of the life-cycle energy use by buildings, the operational energy needs to be considered along with the embodied energy of the building materials. The improvement of the thermal behaviour of a building usually requires the utilisation of more insulation materials, which, in turn, increase the embodied energy of the system. The analysis of the trade-off between the operational energy and the embodied energy of a building is one of the main purposes of this paper. This should provide directives for the improvement of the thermal efficiency of modern Portuguese residential buildings in order to minimize the total life cycle building energy.
The structure of this paper is presented next. Firstly, a brief description of the major steps in life cycle analysis and an outline of the methodology for the evaluation of the energy efficiency of residential buildings is presented. Subsequently, using a real lightweight residential building in Portugal, a reference case is analysed. Finally, a parametric study is carried out, whereby increasing levels of insulation are used to assess the trade-off between energy efficiency and life cycle embodied energy.
LIFE CYCLE ANALYSIS

Introduction
A Life Cycle approach entails the analysis of one or more criteria through the complete life cycle of a building. The complete life cycle of a building, represented in Figure 1 , includes all the stages from raw material acquisition, through material production, construction and operation, to demolition and management of construction waste. A life cycle analysis should also include the intermediate phases, such as the transportation of materials and equipment from one place to the other.
In this paper, the criterion for the life cycle analysis is the energy requirement of a building. Two types of energy are going to be quantified: the embodied energy of the building and the operational energy.
The embodied energy of a material refers to the energy used to extract and process the raw materials in order to produce it. A building is usually composed of several types of materials, each of which contributes to the building's total embodied energy. In this analysis, and considering the building's life, the life cycle embodied energy refers to the energy needed to produce the materials, the energy required to construct and repair the building during its use stage, and the energy related to the end-of-life of the building. The energy due to the transportation of materials and equipment is also included in the life cycle analysis. The building's embodied and operational energy are represented in Figure 1 .
The operational energy is hereby referred to the energy required to operate the building during its use phase. Thus, the operational energy entails the energy needed to condition the building (to heat, cool and/or ventilate), the energy needed for illumination and power equipment, and the energy needed for other services. In Figure 1 , the operational energy refers only to the use phase in the building's cycle.
The embodied energy content of a building is usually considered to be small when compared with the energy required for operating the building over its cycle, although in some cases the embodied energy can be equivalent to many years of operational energy [12] . In fact, as developments in the energy efficiency of the building envelope become more effective, the embodied energy becomes more and more important. 
Life Cycle Assumptions
A life cycle analysis implies a long time period for the analysis. Regarding buildings, assuming a service life of 50 years, the time period of the analysis should include these 50 years, plus the time needed for the production of the materials and the assemblage of the building, and the time needed for the demolition of the structure. However, for the sake of simplification, it is assumed that the time period of the analysis is 50 years. It is further considered that the production of materials and the construction of the building take place in year 0, and that the demolition of the building occurs 50 years later.
The use stage relates to the interval of years between the construction and the demolition of the structure, and includes the maintenance and repair operations, which are necessary over to maintain the building in the required condition. These operations are usually estimated based on common practice. In the following case study, and according to information provided by a manufacturer, it is assumed that the Exterior Insulation Finishing System (EIFS) of the building needs to be repaired every 25 years.
The end-of-life stage is probably the phase more difficult to analyse, particularly in construction facilities with a long life span. Steel is 100% recyclable and scrap can be converted to the same quality steel depending upon the recycling process. Thus, in this paper it is assumed that, at the end-of-life stage, the structure will be demolished and steel is going to be recycled with a recycling rate of 80%. The recovery of steel scrap for recycling allows allocating a credit to the arising scrap. The credit, or benefit, is due to the fact that the production of secondary steel from scrap (in the Electric Arc Furnace route) avoids the production of primary steel from the Blast Furnace route. The approach followed in this case study is the closed material loop recycling methodology proposed by the International Iron and Steel Institute [13] . All the remaining materials are assumed to be sent to landfill.
ENERGY EFFICIENCY OF RESIDENTIAL BUILDINGS
Introduction
The European Directive on the Energy Performance of Buildings (EPBD) [14] is one of the main legislative instruments affecting the building sector in Europe. The directive is designed to promote the energy performance of buildings in member states by introducing a framework for an integrated methodology for measuring energy performance; application of minimum standards in new buildings and certain renovated buildings, and regular updating of these; energy certification and advice for new and existing buildings; and inspection and assessment of boilers and heating/cooling systems. The directive entered into force on the 4 th of January, 2003.
To support the implementation of the EPBD in European Member States, the European standards body, CEN, has been developing a series of standards. Among these, the standard for the calculation of energy use for space heating and cooling is EN ISO 13790 [15] . This standard provides calculation methods for the assessment of the energy used for space heating and cooling of residential and non-residential buildings. Calculation procedures are included for the quantification of: (i) heat transfer by transmission and ventilation of the building; (ii) solar gains and its contribution to the building heat balance; and (iii) annual energy needs for heating and cooling. Two main types of calculation methods are available in ISO 13790: quasi-steady state methods, calculating the heat balance over a sufficiently long period of time in order to ignore heat stored and released; and, dynamic methods, calculating the heat balance with short periods (e.g. hourly) and considering the heat stored and released from the mass of the building. In the category of quasi-steady state methods the standard provides a monthly and a seasonal method. In the category of dynamic methods, the standard provides a simplified approach based on a hourly dynamic procedure, and calculation procedures for a more detailed approach based on simulation methods. Consistency in the application of the methods provided in the standard is ensured by a maximum of common procedures and descriptions, boundary conditions and input data.
The adoption of the EPBD in Portugal led to the reformulation of previous codes and to the publication in 2006 of a new Code of Practice for the thermal behavior of residential and small commercial buildings [16] , and a new Code of Practice for buildings with HVAC power higher than 25 kW [17] . Both codes have been developed according to the specifications of the European Standard EN ISO 13790 [15] .
Simplified Quasi Steady-State Analysis
The methodology adopted in this paper for the calculation of the energy needs for heating and the energy needs for cooling, is provided by the Portuguese code of practice "Regulamento das Características de Comportamento Térmico dos Edifícios (RCCTE)" [16] , hereafter referred to as RCCTE. The methodology was developed according to the European Standard EN ISO 13790 [15] with the adaptations needed to comply with the reality of construction and current operation of buildings in Portugal.
The RCCTE methodology follows a quasi-steady approach and energy needs are calculated per year, considering a heating season and a cooling season. In the following paragraphs the RCCTE methodology is described, but before that, a brief overview of ISO 13790 is given in order to introduce the general framework for the calculation procedures. The seasonal ("quasi-steady state") approach of ISO 13790 is considered, in which dynamic effects are taken into account by introducing correlation factors. Therefore, considering the heating season, the energy needs for space heating, (Q H,nd ), in MJ, is given by
where Q H,ht is the total heat transfer for the heating mode, Q H,gn are the total heat gains for the heating mode, and  H,gn is the utilization factor for the internal and solar heat gains. The gain utilization factor ( H,gn ) takes into account that only part of the gains are utilized to decrease the energy need for heating, the rest leading to an undesired increase of the internal temperature. This factor is a function of the gain/loss ratio ( =Q gn /Q ht ) and a numerical parameter () that depends on the time constant of the building (building inertia), and is illustrated in Figure 2 . Figure 2 . Gain Utilization Factor for Heating [15] For the cooling season, the energy needs for cooling (Q C,nd ), in MJ, may be obtained by two different ways, corresponding to the same method and leading to the same result:
i) by the use of a utilisation factor for losses (mirror image of the approach for heating)
where Q C,gn are the total heat gains for the cooling mode, Q C,ht is the total heat transfer for the cooling mode, and  C,ls is the loss utilization factor, which takes into account that only part of the transmission and ventilation heat transfer is used to decrease the cooling needs;
ii) by the use of a utilisation factor for gains (similar to the heating utilization factor)
where  C,gn is the gain utilization factor, which takes into account the fact that only part of the gains is compensated by thermal heat transfer by transmission and ventilation assuming a certain maximum internal temperature. The curves for  C,gn are the same as for  H,gn (see Figure 2 ).
For each mode, heating mode (H) or cooling mode (C), the total heat transfer (Q ht ) of a space zone and for a given calculation period is given by the sum of the heat transfer by transmission through the wrapped components (Q tr ) and the total heat transfer by ventilation (Q ve ), given by, in MJ,
The total heat gains (Q gn ), over the given period, are given by the sum of the internal heat sources (Q int ), and the sum of the solar heat gains (Q sol ), in MJ,
The same procedure was adopted in RCCTE. Two main parameters are quantified: the annual nominal energy needs for heating (N ic ) and the annual nominal energy needs for cooling (N vc ). The code also provides maximum allowable annual values for heating (N i ) and for cooling (N v ). The requirement regarding the maximum values should be verified taking into consideration the limit values of thermal quality, which are given in terms of maximum allowable values of the thermal transmittance (U) of the different elements. The limit values of N i and N v depend on the climatic characteristics of the location of the building and its geometrical shape. For the quantification of this and other parameters, the country is divided into three climatic zones for the heating season and three climatic zones for the cooling season, represented in Figure 3 .
For the quantification of annual energy needs, the criteria for thermal comfort in RCCTE specify a set-point temperature for the heating season of 20ºC and a set-point temperature for the cooling season of 25ºC, independently of the climatic zone of the country.
In RCCTE, the length of the heating season depends on the location of the building in the country, according to Figure 3 . It may vary from 4.3 months, for the least severe zone, to 6 months, in the most severe one. Similarly to Eq. 1, the quantification of the annual energy needs for heating (N ic ) is given, per net area of the floor, in kWh/m 2 , as
where Q ht and Q gn have the same meaning as in Eq. 1 and  is the gain factor, defined later in Eq.
14.
The heat transfer by transmission (Q tr ), in kWh, is given by the sum of: (i) the heat transfer from the conditioned space to the exterior (Q ext ); (ii) the heat transfer from the conditioned space to an adjacent unconditioned space (Q lna ); (iii) the heat transfer through the ground floor (Q pe ); and (iv) the heat transfer by thermal bridges (Q pt ), given by For the calculation of heat transfer rate through the envelope of the building (Q ext ) (e.g. walls, roof, floor, windows), the following expression, in W, may be used,
or, considering the degree-days (in °C·days), the heat transfer, in kWh, is given by
where, U is the thermal transmittance of the element of the building envelope (in W/m 2 ·°C), A is the corresponding area (in m 2 ),  i is the set-point temperature of the building for heating (in °C), and  atm is the outside air temperature (in °C). Similar expressions are used for the calculation of the remaining components in Eq. 7.
The heat transfer rate due to the ventilation (Q ra ), in W, is given by
where ρ is the air density (in kg/m 3 ), C p is the air specific heat capacity (in J/kg·°C), R ph is the air exchange rate in the conditioned space (in h 
K)
and the degree-days, GD (in °C·days), the energy needed to compensate these losses during the heating season, Q ve (= Q ra ), is given by, in kWh,
Eq. 11 is only valid for natural ventilation, without any mechanical equipment.
For the heating season, the heat gains are obtained from internal sources and from solar heat, as indicated in Eq. 4. Internal heat gains (Q int ) include metabolic heat from occupants and dissipated heat from appliances, lighting devices and other equipments. According to RCCTE, the internal heat gains are given by (in kWh), The solar heat gains in RCCTE are given by the gains through glazed elements, according to the following expression, in kWh:
where G sul is the monthly average of the solar energy irradiation in a vertical surface facing south, per unit of area, during the heating season (in kWh/m 2 ); X j is a factor depending on the orientation of the surface; A snj is the effective collecting area of surface n with orientation j (in m 2 ); and M is the length of the heating season (in months). The value of G sul is given in RCCTE for each region in Portugal. The effective collecting area (A snj ) may be affected by factors taking into account the shading reduction due to external obstacles, the window characteristics and the properties of the glazing.
To take into account dynamic effects, the gain utilisation factor is given by,
This factor is dependent on the thermal inertia of the building and on the heat balance ratio, given by  = Q gn /Q ht . RCCTE provides values for the parameter a according to the inertia of the building. Thus, for buildings with weak thermal inertia, a = 1.8; for buildings with medium thermal inertia, a = 2.6; and for buildings with strong thermal inertia, a = 4.2.
For the cooling season, RCCTE follows a similar approach as for the heating season. In this case, the length of the cooling season is assumed to be four months, from June to September, for all zones of the country. RCCTE adopts the 2 nd approach of the ISO standard 13790. Thus, from (3), the energy needed to keep the building at the set-point temperature, during these four months, in kWh/m 2 , is given by,
The heat gains of the building, in this case, are given by the sum of internal gains (Q int ), solar gains (Q sol ), gains through ventilation (Q vent ) and gains by transmission (Q tr ) through the envelope of the building.
Advanced Simulation Analysis
The advanced simulation analysis is performed using the DesignBuilder software [18] , which uses the EnergyPlus software [19] as the engine for the dynamic thermal simulation. EnergyPlus is an energy analysis and thermal load simulation program, with several important computational features such as, integrated simultaneous solution; sub-hourly, user-definable time steps; heat balance based solution; transient heat conduction; improved ground heat transfer modelling; combined heat and mass transfer; thermal comfort models; anisotropic sky model; advanced fenestration calculations; day lighting controls; loop based configurable HVAC systems and atmospheric pollution calculations, etc. These features, although not representing a fully dynamic simulation such as would be obtained using CFD technique, allow obtaining reasonably precise and realistic simulation results. EnergyPlus has been extensively tested and validated since 1999 [20] and is now rated as a reference simulation tool for sub-dynamic thermal simulation [21, 22] . EnergyPlus was also recently rated as the best energy simulation program for the evaluation of the energy flows through windows [23] .
REFERENCE EXAMPLE: LIGHT STEEL RESIDENTIAL BUILDING
General Description
The case study focuses on a single-family dwelling 
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Northern and Western Vviews Figure 4 . Elevation Views of the Building
The building frame consists of a steel structure formed by cold formed steel profiles, designed for a service life of 50 years according to the Structural Eurocodes [24] . The total internal net space is 361 m2. The ground floor is composed of a living-dining room, a small office, a kitchen, a small pantry, two bathrooms and stairs (see Figure 5 ). The first floor has 4 bedrooms, 4 bathrooms and stairs. The top floor has one master bedroom and one bathroom. The main facade of the house faces south. The characteristics of the building components are described in the following paragraphs. The external walls are made of an outside layer of Oriented Strand Board (OSB) panels, 11 mm thick, and an inside layer of gypsum boards with a thickness of 15 mm. The gap between the two panels is filled with rock wool 140 mm thick. The internal walls are made of gypsum boards with a thickness of 15 mm and a layer of rock wool with a thickness of 70 mm. The slabs are made of composite panels with a top layer of OSB panels (15 mm), an intermediate layer of rock wool 70 mm thick, and a bottom layer of gypsum boards 13 mm thick. The ground floor is made of a light-concrete slab over a layer of gravel. The terrace floor is made of a top layer of OSB panels 18 mm thick, covered by 40 mm of cast concrete and a ceramic finish, an intermediate layer of rock wool 140 mm thick, and a bottom layer of gypsum boards 13 mm thick. The rock wool insulation panels completely clad the steel frame ensuring that the house achieves high thermal and acoustic behaviour according to regulatory requirements. The envelope of the house is covered by an Exterior Insulation and Finish System (EIFS). The quantities of the main materials estimated for the construction are indicated in Table 1 . 
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Climatic Data
Geographically, continental Portugal is located between latitudes 37° and 42° N and longitudes of 9.5° and 6.5° W. The maximum altitude is 2000 m. The country has a diverse climate from north to south and from east to the west coast. The north part of the country has an Atlantic climate with cold and wet winters. The central regions have a mixture of Atlantic and Mediterranean climates, with mild winters and hot and dry summers, particularly in the inner regions. The southern part of the country has a very dry climate with mild winters.
According to the Portuguese Instituto de Meteorologia [25] , the annual average of the air temperature varies regularly over the year, reaching the highest values in August and the minimum values in January. In the summer, the values of the average maximal temperature vary between 16°C in the highest mountain (inner central-northern region) and from 32°C to 34°C in the inner central-southern part of the country. The values of the average minimal temperature, during winter, vary between 2°C in the inner high lands and 12°C in the south. The rain values vary from the northern part to the southern part of the country. On average, about 42% of the annual rainfall occurs during the winter (December-February), while the lowest values happen during summer (July and August) with a share of 6% of the annual rainfall. Coimbra is located in central Portugal. According to Figure 2 , Coimbra is located in heating zone I1 and cooling zone V2. The annual variation of the outside temperature, according to data from EnergyPlus, is shown in Figure 6 . The length of the heating season is 6 months and the corresponding degree-days are 1834 (base 20 ºC). Table 2 indicates the geometric characteristics of the different elements of the building and the corresponding thermal properties. 
Life Cycle Energy Analysis
Thermal characteristics of the building components
Operational Energy
The operational energy, in this case study, is the energy needed for heating and cooling the building, according to the requirements of RCCTE, during the use stage of the building (see Figure 1) . The quantification of the operational energy considers a time period for the analysis of 50 years. According to RCCTE, the whole building may be considered a unique thermal zone, which is kept continuously at a constant set-point temperature of 20°C and 25°C, respectively, for the heating season and for the cooling season. The annual energy need for heating, given from (1), is summarized in Table 3 . The energy need for heating, per year, is represented in Figure 7 . Regarding the cooling season, the annual energy need for cooling, given by Eq. 3, is summarized in Table 4 . . The net annual energy need for cooling is represented in Figure 8 . 
Embodied energy
The quantification of the embodied energy of the building, considering the time period of 50 years, is performed by the Cumulative Energy Demand method and the computer program SimaPro v7.0 [26] . All the inventory data needed for the analysis was supplied by the Ecoinvent database [27] . Similar procedure has been used in other studies comparing the life cycle embodied energy and the operational energy of buildings [28, 29] .
The life cycle embodied energy is represented as a tree in Figure 9 . The first branch of the tree represents the construction stage, the second the end-of-life stage, and the third brace the operation stage. The thickness of the lines represents the relative importance of each stage to the overall result. Thus, the construction stage contributes with a share of 122%, the use stage with a share of less than 2%, and finally the last stage with a share of -23%. The minus at the end-of-life stage is the credit given to the recycling of the steel structure. 
Comparison between embodied energy and operational energy
Comparing the energy needed during the operation stage of the building (operational energy) and the embodied energy of the building over the 50 years period, the results are presented in Figure 10 .
Figure 10. Life Cycle Operational and Embodied Energy
The total life cycle operational energy represents about 80% of the total life cycle energy. It should be noted that the operational energy, in this case study, includes only the energy needs for heating and cooling. The time period needed for the operational energy to overcome the embodied energy is 16 years.
PARAMETRIC STUDY: INFLUENCE OF LEVEL OF INSULATION
Scenarios
In order to assess the influence of the level of insulation, several alternative solutions are analysed. The first scenario corresponds to the original solution, where only the external walls have an outside layer of polystyrene with 3 cm, and represents the reference scenario. Scenario 2 corresponds to a lower level of insulation. Scenario 3 corresponds to an increased level of insulation, with the thickness of the layer in the external walls increased to 10 cm, and a layer of polystyrene added to the roof and to the terrace slab, as shown in Figure 11 . Figure 11 . Schemes of the Alternative Scenario 3: t w1 = 100 mm, t w2 = t w3 = 60 mm Scenario 4 is identical to scenario 3 but with an improvement in the thermal behaviour of the windows. Finally, scenario 5 is similar to scenario 1 but without the shading effect from horizontal overhangs above the windows. The various scenarios are summarized in Table 5 . These scenarios will change the amount of the material needed for each solution, which will be taken into consideration for the calculation of the embodied energy for each case. In the following paragraphs, the results obtained for each scenario are presented.
Simplified Approach
The total annual energy need, for the five scenarios defined above, is indicated in Table 6 . The relative values are referred to scenario 1. It is seen that although the amount of external insulation was more than doubled in scenario 3, the total energy needs are only reduced by 6%. By comparison, scenario 4 decreases the total energy needs by about 19%, the only difference being the improvement of the thermal properties of the windows. Scenario 2 corresponds to a reduction of the global insulation of the building and results in an increase of 23% of the total energy needs. Finally, scenario 5, which ignores the shading effect of overhangs above the windows, increases by about 4% the energy needs. Table 7 and Figure 12 summarize the balance between life cycle embodied energy and life cycle operational energy for the five scenarios. The influence of the degree of insulation results in variations of + 22.7% and -18.7% of the operational energy, with corresponding variations of the embodied energy of -15.4% and +18.3%. Globally, the solution with the best insulation minimizes the total energy (-11%). Finally, the operational energy becomes dominant for a service life in excess of 11.7 to 22.9 years and represents, over the service life of 50 years, 73.2% to 85.2% of the total life cycle energy, depending on the scenario. The parametric study shows that for a standard service life of residential buildings of 50 years, reducing the operating energy is more important than reducing the embodied energy. Furthermore, the solution that minimizes the operating energy also minimizes total lifecycle energy. It is also well-known that a simplified quasi steady-state approach can be used for a comparative analysis but does not simulate real daily conditions (namely thermal inertia of the building and ventilation are not properly considered in the analysis). Additionally, examination of Table 6 shows a consistent trend for the heating period, but reveals some discrepancies for the cooling period. In order to validate the results obtained with the simplified approach and to overcome some of the limitations indicated, a dynamic simulation analysis is performed for the 5 scenarios indicated in Table 5 , and is described in the next paragraphs.
Dynamic Simulation Approach
Modelling and analysis options
The model of the building used for the simulation analysis was presented in Figure 4 . The model was assembled using 15 thermal zones, corresponding to the main internal partitions of the building. The ground floor has four thermal zones; the first floor has eight thermal zones, and finally the top floor has two zones (see Figure 5) . The stairways and corridors is a thermal zone common to the three floors.
The boundaries of the model were defined in order to consider the same conditions as for the simplified approach. Thus, the thermal transmittance of the elements of the building is indicated in Table 2 . The internal heat gains were modelled assuming a value of 4 W/m 2 and the natural ventilation infiltration is considered to be 0.6 air changes per hour. Also, no thermal bridges were considered in the analysis and no losses were considered through the ground floor of the building.
The exterior climatic conditions were simulated using the DesignBuilder weather data for Coimbra (PRT_COIMBRA_IWEC.epw), as illustrated in Figure 6 . The simulations were performed on a hourly basis. The results obtained for each scenario are presented in the following paragraphs. Figure 13 presents the average temperature inside the building for the 5 scenarios, calculated without the specification of any heating or cooling equipment (passive thermal conditions), summarized in Table 8 . The variation of the average daily temperatures of Figure 13 shows that for most of the winter period the average temperature is below the set-point temperature of 20ºC. The same conclusion is noted for the summer period, many days having average temperatures above the set-point temperature of 25ºC. Figure 14 illustrates the annual temperature variation for scenario 1 in several compartments. Significant differences are clearly noted (differences of 1.52ºC and 3.58ºC for the average summer and winter temperatures, respectively (Table 9 ). 
Simulation under passive thermal conditions
Heating season
In order to compare with the RCCTE simulations, Figure 15 presents the results of a simulation for the heating period (1 st October to 31 st March) assuming that the heating equipment is turned on and off automatically in order to ensure an inside temperature not lower than 20ºC. Tables 10 and 11 allow the comparison of the results of RCCTE with the results from the dynamic simulation. Reasonable agreement (same trend) is noted for the heat losses for the exterior walls, roof and terrace (except scenario 5 and heat gains (internal and solar), while windows/doors losses and ventilation losses do not correlate so well). Global results present the same trend but the numerical results are over-estimated by RCCTE by a two to one ratio.
Cooling season
Similarly, in order to compare with the RCCTE simulations, Figure 16 presents the results of a simulation for the cooling period (1 st June to 30 st September) assuming that the cooling equipment is turned on and off automatically in order to ensure an inside temperature not higher than 25ºC. The results of RCCTE and the results from the dynamic simulation are indicated in Tables 12 and  13 , respectively. In this case, the comparison is not so straightforward since RCCTE considers both heat losses and heat gains through the walls. Global results indicate higher cooling energy needs (about 100% higher) according to the dynamic simulation. In addition, scenario 4 (the best insulated solution) does not present the best performance. 
CONCLUSIONS
In this work the life cycle energy analysis (LCEA) for a light steel residential building constructed in Portugal was performed in order to assess the influence of thermal insulation on the balance between embodied and operational energy. Besides the real thermal insulation adopted on this building, other scenarios were simulated including lower and higher insulation of opaque and transparent building components. Two different approaches were used to compute the building operational energy: RCCTE (Portuguese code of practice, that corresponds to the transposition of the simplified quasi-steady-state analysis procedures specified in ISO 13790) and advanced dynamic simulation analysis using the EnergyPlus software.
The RCCTE Portuguese methodology is based on the EN ISO 13790 standard and uses a quasi-steady approach, where thermal inertia effects are neglected. Results are provided for annual averages. EnergyPlus adopts a sub-dynamic approach, in a sub-hourly basis. Both these models were applied to a single-family dwelling building with a quite complex layout. Thermal loads for the heating and the cooling season were computed using the two approaches. The heat gains component showed a good agreement between the two, but the prediction values for the heat losses with RCCTE are significantly higher than those obtained with EnergyPlus, specially the component due to losses through the walls. These differences are certainly due to the complexity of the adopted geometry. Interaction effects between building regions are certainly not fully taken into account when using integral approaches such as those adopted by these models. Future research will include the study of simpler buildings and compartments, to better establish the differences between predictions and their relation to the characteristics of the geometry. CFD (computational fluid dynamics) simulations are also planned, to provide reference values.
The LCEA indicate that operational energy (only heating and cooling) represents a very significant share (80%) of the building total life cycle energy, 16 years being the time needed for the operational energy to overcome the embodied energy. As expected, when improving the insulation, there is a longer delay for the operational energy to overcome the embodied energy (up to 23 years) and the operational energy share decreases to about 73% of total life cycle energy.
The different thermal insulating scenarios studied show the importance of improving the thermal performance of "weaker components", i.e., insulation improvement should be preferably directed towards the less performing components, such as windows, potentially leading to operational energy savings of about 20% for the same occupant's thermal comfort. Over the entire LCEA this reduction represents a decrease of about 11.5% of total energy (embodied and operational).
These findings show, even with only one case study, that for climatic conditions typical of southern Europe it is possible to improve significantly the thermal efficiency of residential buildings optimizing the insulation materials distribution along the building envelop, paying particularly attention to transparent building components (e.g. windows and doors). This optimization can be accomplished without increasing significantly the embodied energy of the building that takes a bigger share (with the potential to achieve a share of 50%) in the total life-cycle building energy.
